We used transganglionic transport of the neuronal tracer horseradish peroxidase coupled to wheat germ agglutinin (HW-WGA) and post-embedding immunogold staining to determine the spinal projections and neurochemical identity of sensory afferents originating from a discrete cutaneous area. After SC injection of tracer into the nipple of lactating rats and reaction with teuamethylbenzidine stabilized with diaminobenzidene (TMB-DAB) or DAB and cobalt (TMB-DAB-CO), we found labeled terminals in the intetnal part of the first two layers of the dorsal horn where they formed axodendritic synapses and, at times, central elements of glomeruli, synaptic complexes believed to be involved in the integration of sensory messages. Inununogold staining of ultra-thin sections of tissue reacted with TMB-DAB-CO revealed that many mammary afferents contained glutamate as putative neurotransmitter. This combined approach thus offers the possibility of marking a limited set of primary afferents, after capture of tracer by sensory receptors of d c t e d peripheral areas, to visualize their projections at the spinal level and to determine their neurochemical nature with electron miaoscopy. (JHistocbem Cytocbem 42:115-123,1994) 
Introduction
Until now, despite a plethora of light microscopic studies on spinal projections of primary sensory afferents (e.g., 1,4,5,49), there have been relatively few observations on their fine ultrastructural organization (23,24,26,42,56). Their neurochemical characterization has often been investigated by immunocytochemistry of cell bodies in the dorsal root ganglia (12,17,38.40,53), but few studies have addressed this question at the spinal level by electron microscopy (EM).
Combining tract tracing techniques and immunocytochemistry, some authors localized certain neurotransmitter and neuropeptide immunoreactivities in primary afferent terminals previously labeled by anterograde tracing from the dorsal root ganglia (7,28) or by transganglionic transport of tracer 55er its injection into the sciatic nerve (42, 57) . Such approaches have provided useful information about the sensory input corresponding to one dermatome (4,7, 22,28) or from a large area of a dermatome (42).
However, different areas of the skin within a dermatome may have different sensory modalities and/or functions, and to discriminate between them one should limit the study to a very restricted area. One possible method is to inject a tracer directly into a sensory neuron after it has been electrophysiologically identified by peripheral stimulation. This approach allows the study of one individual cell (26, 47) but is relatively complex to carry out. Another approach is to inject the tracer into a small area of the skin and then visualize the projections of its sensory endings after transganglionic transport of the tracer to the spinal cord. This is simpler to carry out and allows study of the majority of the neurons innervating the area. Nevertheless, such an approach presents a number of difficulties. One is that a small amount of tracer is taken up by the sensory endings [in comparison, e.g., to that taken up after injection into a nerve (57)] and most accumulates in the dorsal root ganglia; very little is visible at the spinal level after transganglionic transport (49) . Another is that the histochemical procedures used to visualize the tracer must be made compatible with EM, which is necessary to localize the actual terminations of the labeled sensory neurons. Finally, these techniques must be rendered compatible with immunocytochemical procedures so that the neurochemical identity of the neurons can be determined. We describe here procedures that overcome many of these difficulties and that enabled us to determine the site of termination and the neurochemical nature of primary afferents coming from a small, restricted area of the skin, the nipple. For this, we used the sensitive neuronal tracer horseradish peroxidase coupled to wheat germ agglutinin (HRP-WGA) and histochemical procedures that associate the two chromogens usually used separately for its visualization, i.e., TMB and DAB.
Materials and Methods

Tirrue Preparation
The tissues examined were derived from primiparous or multiparous Wistar rats sacrificed on the tenth day of lactation. The animals were kept in a controlled environment (14 hr light, 10 hr darkness) with food and water ad libitum. Under ether or chloral hydrate (0.3 g/kg) anesthesia, 2 p1 of a 2% solution of HRP-WGA (Sigma; Isle dAbeau Chesnes, France) dissolved in distilled water was injected sc into one or each of several contiguous nipples; two injections were made at 1-hr intervals. To prevent loss of the tracer due to the sucking of the pups, they were given back to their mothers 3-4 hr after the injections; the mothers then nursed normally. Two days after the injection the rats were anesthetized with urethane (1.5 glkg), and perfused intracardially, first with a solution of heparinized saline (0.9% NaCl containing 50 UIlml of heparin), followed by a freshly prepared solution of 1% paraformaldehyde and 2.5% glutaraldehyde in sodium phosphate buffer (0.1 M, pH 7.4). After laminectomy, cervical (C5-CS), thoracic (Tl-TU), and lumbar (L1-L6) segments of the spinal cord were dissected and coronal sections (50-75 pm) obtained with a vibratome (Lancer). The sections were then processed for peroxidase histochemistry.
Visualization of HRP-W G A
TMB-DAB Method. This method is derived from that described by Olucha et al. (39) . After a brief rinse in phosphate buffer (0.1 M, pH 6), the sections were pre-incubated at room temperature (RT) in a defined volume of a solution containing 0.25% ammonium heptamolybdate (Carlo Erba; Milan, Italy), 0.005% TMB (Merck, Prochilab; Bordeaux, France) in ethanol, all dissolved in sodium phosphate buffer (0.1 M, pH 6). After 10 min, 0.3% H202 was added to this solution every minute for about 20-30 min (10 pllml of final solution); the reaction was controlled under the microscope. The reaction was stopped by rinsing the sections briefly in phosphate buffer (0.1 M, pH 7.4). The sections were then placed for 10-20 min in a solution of 0.05% 3.3'-diaminobenzidine (DAB; Sigma) and 0.01% H202 in phosphate buffer (0.1 M, pH 6). This reaction was also controlled under the microscope and was arrested by several rinses in phosphate buffer (0.1 M, pH 7.4). After examination with the light microscope, portions of sections containing labeled fibers were dissected and prepared further for EM.
ThfEDAECo Method. This method is adapted from Horn and Hoffmann (18). After rinsing in ice-cold citrate buffer (0.01 M, pH 3.3), sections were pre-incubated for 15 min in an ice-cold solutjon of 0.005% TMB in ethanol and 0.1% sodium nitroferricyanide in citrate buffer (0.01 M, pH 3.3). Sections were then incubated for 30-40 min in the same solution to which was added 0.2% B-D-glucose, 0.04% ammonium chloride, and 0.003% glucose oxydase (Sigma). Staining was controlled under the microscope. The reaction product was stabilized, first with an ice-cold solution of 5% ammonium heptamolybdate for 20 min and then in a mixture of 0.05% DAB and 0.025% cobalt acetate and 0.01% H202 in sodium phosphate buffer (0.1 M, pH 7.4) for 5 min at 20°C (44). Finally, the sections were rinsed several times in phosphate buffer (0.1 M, pH 7.4). After examination with the light microscope. selected areas were dissected and prepared for EM.
Preparation for Electron Microscopy
Parts of sections of the dorsal horn that had undergone HRP-WGA histochemistry, together with sections from animals that had not received any tracer, were rinsed in phosphate buffer (0.1 M. pH 7.4). They were then osmicated in 1% Os04 dissolved in Millonig's phosphate buffer (0.1 M, pH 7.4). dehydrated in an ascending series of ethanol, and embedded in Epon. After identification of selected areas in semi-thin sections, ultra-thin sections were cut and collected on uncoated nickel grids (300 mesh).
Immunogold Staining of Glutamate
Immunostaining for glutamate was carried out directly on ultra-thin sections using a protocol modified from that previously described in detail (29,51). Briefly, after treatment with 1.6% H202 solution (10-40 min), sections were rinsed in TBS containing 1% Triton and placed in 10% goat serum (1 hr, RT) to block nonspecific binding sites. They were then left for 2 hr at 37°C in drops of a rabbit antiserum (diluted 1:5000) raised against glutamate coupled to hemocyanin (Arne]; New York, NY). The production and characterization of the serum have been described in detail (16). After careful rinsing in TBS-BSA, they were incubated for 2 hr at 37°C in diluted (1:16) sheep anti-rabbit immunoglobulins absorbed with 10-nm gold sols (GAR10 Jahnssen; Amersham, Les Ulis, France). After thorough rinsing, the sections were post-fixed in 2.5% glutaraldehyde in cacodylate buffer, dried, and contrasted further with saturated alcoholic uranyl acetate solution.
Controls included omission of the primary antiserum or its substitution by diluted normal rabbit serum. Sections were also incubated in diluted glutamate serum that had been previously absorbed (liquid phase) with different concentrations of glutamate or aspartate (0.001 mM to 1 mM). All preparations were examined with a Phillips CM 10 transmission electron microscope.
Results
Visualization of Transganglionally Transported HRP-WGA
Light microscopy (Figure 1) of coronal sections that had undergone TMB-DAB or TMB-DAB-CO staining revealed many peroxidaselabeled fibers in the inner part of the first two layers of the dorsal horn ipsilateral to the injection site. In parasagittal sections, labeled fibers were visible running longitudinally; the rostrocaudal extent of labeling varied from several hundred micrometers to 3-4 mm according to the amount of tracer injected, the nipple injected, and the spinal cord level studied (see also 49) . We saw no labeled cell bodies or fibers in the dorsal horn contralateral to the injection site.
EM confirmed these observations. Although labeled profiles were visible in sections treated with either method (Figure 2 ) , they were more numerous after the TMB-DAB-CO reaction. In addition, the ultrastructural aspects of the reaction product differed. The TMB-DAB method gave rise to an amorphous electron-dense reaction product that filled the cytoplasm of the labeled profiles to a variable degree; certain organelles, such as small clear vesicles or mitochondria, were free of label (Figure 2a ). After TMBDAB-CO stain- ing the reaction product was crystalloid: most intracellular organelles were free of label ( Figure 2b ). However, the size of the reaction deposit did vary and in some cases it completely covered the profile. Taking into account the integrity of membranes and the preservation of myelin and synaptic specializations, we saw no notable differences in the overall ultrastructure of the tissue treated with either procedure (Figure 2 ).
Labeled profiles, as revealed by either chromogen, were mainly axon terminals that formed synaptic contact onto dendrites; they also formed the central elements of glomeruli ( Figure 2 ). The labeled terminals contained small clear vesicles (c. 50 nm) and at times dense cored vesicles (c. 100 nm). Although axon profiles containing reaction product could be identified they were comparatively rare; labeled axons forming synapses en passant were noted in parasagittal sections. No labeled axosomatic synapses were seen, nor any trace of transsynaptic labeling. 
Visualization of Glutamate Immunoreactivity in HRP-WGA-labeled Profiles
Glutamate immunoreactivity was visualized by an immunogold staining procedure performed directly on ultra-thin sections. No specific labeling for glutamate was visible in sections that had previously undergone TMB-DAB staining. A few gold particles were visible over most elements of the neuropil but in a uniform, nonspecific manner. On the other hand, clear differences in the distribution and intensity of glutamate immunolabeling were apparent in sections that had undergone TMB-DAB-CO histochemistry. We considered glutamate immunopositive all profiles containing more than 80 gold particles/pm2. Among terminals showing HRP-WGA labeling, one group thus showed a high gold particle density (106.7 * 4.8/pm2, n = 37) which was 2.5 and 6 times higher than that of dendrites (41.5 2.4/pm2, n = 37) and glial fibers (18.1 2 2.4/pm2, n = 11). respectively. In such terminals the gold sols were visible over small clear vesicles, mitochondria, and synaptic specializations (Figure 3) . A similarly high gold particle density (118.7 2 5.3/pm2, n = 50) with the same subcellular distribution was also visible in neighboring terminals that were not labeled with HRP-WGA. Together with these highly labeled terminals. there were terminals that were devoid of gold particles or that showed a light particle density, whether they contained peroxidase reaction product (40.6 2 2.6 particlcs/pm*, n = 50) or not (40.9 ? 3.1/pm2, n = 32). In these latter terminals, as in dendritic or glial profiles, the gold sols were dispersed throughout the cytoplasm and over mitochondria. We could detect no differences in the degree of mitochondrial labeling in the different labeled elements (Figure 3a) . Gold particles were not detectable over profiles completely filled with HRP reaction product. Background staining, represented by gold particles over the lumen of capillaries, was next to zero.
Immunogold staining for glutamate was absent from sections treated with glutamate serum pre-absorbed with glutamate at concentrations greater than 0.01 mM but not from sections where the primary serum was absorbed with aspartate (up to 1 mM). Staining was absent from sections in which the primary serum was omitted or replaced by normal rabbit serum. We also carried out glutamate staining on sections that had not undergone any HRP histochemistry. The distribution and subcellular localization of glutamate immunoreactivity in these sections was similar to that seen in sections that underwent TMB-DAB-CO staining. Thus, certain terminals had a high gold particle density (93.3 k 3.8/pm2, n = 18 profiles) which was four and 10 times higher than that of dendrites (23.7 * 3.4/pm2, n = 9) and glial fibers (8.8 k 1.7/pm2, n = ll), respectively; the immunolabel was present mainly over vesicles, synaptic specializations, and mitochondria. Other terminals had a low gold particle density (22.8 f 2 . 5 / p 2 , n = 10) similar to that of dendrites and the immunolabel was visible dispersed in the cytoplasm and over mitochondria. In these preparations also we found no striking differences in the degree of mitochondrial labeling.
Discussion
Our observations demonstrate that by using a neuronal tracer such as HRP-WGA, together with sensitive histochemical techniques that amplify and stabilize the peroxidase reaction product, it is possible to visualize spinal projections of a limited set of sensory afferents derived from a discrete cutaneous area, not only at the light but also at the electron microscopic level. In addition, we show that it is possible to couple techniques using TMB-DAB-CO as chromogen with immunocytochemistry, even at the ultrastructural level, and this allows study of the neurochemical identity of primary afferents labeled from the periphery. These methods thus permitted us to see that afferents from a restricted area of the skin, the nipple, project to the first two layers of the dorsal horn, where they form essentially axodendritic synapses, and, at times, the central elements of glomeruli. Many of these afferents were enriched in glutamate immunoreactivity, strongly suggesting that they use this excitatory amino acid as neurotransmitter.
Labeling of Primary Aflerents from the Periphery
Today there is a wide choice of substances that can be used to trace neuronal connections. We chose HRP-WGA because of its high sensitivity, because it labels both myelinated and unmyelinated fibers that participate in the innervation of the nipple (49), because it is transported transganglionically (3, 43, 49) , and because the HRP reaction product can be visualized with EM. Another tracer that has been used for similar reasons is cholera toxin-HRP. However, although it labels neurons with myelinated fibers of large diameter, it fails to label primary sensory neurons with small-caliber fibers terminating in the superficial layers of the spinal cord (43) .
WGA has a high affinity for glycosylated proteins of the neuronal membrane and, as shown here and in other studies (11,49), even small, restricted injections of the tracer result in a heavy incorporation into sensory neurons. The tracer is transported both retro-and anterogradely, which means that it is present not only in neuronal cell bodies in the dorsal root ganglia but also in fibers within the spinal cord. Nevertheless, unlike the large amounts of tracer that reach the spinal cord when the tracer is injected directly into the dorsal root ganglia (e.g., 7, 28) or into anerve (42, 57) , there is relatively little tracer at the terminals after transganglionic transport from sensory receptors in a restricted area of the skin. For this reason, highly sensitive histochemical techniques are necessary to render it visible in the spinal cord. Moreover, these techniques must be compatible with EM to see where the labeled afferents actually terminate.
The most common chromogens used today for visualization of peroxidase are DAB and TMB, both with certain advantages and drawbacks. Although DAB presents certain health hazards, the chromogen continues to be widely used. It gives rise to an amorphous polymeric reaction product which is insoluble in most buffers used for histology; it can also be rendered electron dense after postfixation in 0~0 4 .
Moreover, one can amplify the reaction product by associating DAB with heavy metals such as nickel (46), cobalt (44) , or silver (10). Nevertheless, DAB is suitable for tracing studies only when the tracer is captured and transported retrogradely by the neurons in relatively large quantities, as is the case after its injection intracerebrally (14) or systemically (e.g., 50, 52) . As seen in our earlier studies (49) , DAB is inefficient to visualize spinal projections of primary sensory afferents when a tracer even as sensitive as HRP-WGA is injected into a restricted area of the skin, such as the nipple. Indeed, only few labeled neuronal cell bodies are visible even in the dorsal root ganglia after injection into the nipple, with or without intensification of the reaction product (unpublished observations). TMB is not only safer to use but is also a far more sensitive substrate for HRP (33, 36, 49) and has therefore become the most commonly used chromogen in LM neuronal tracing studies (31-34). Its high sensitivity has thus made it possible to visualize many fibers after retrograde, anterograde, or transganglionic transport of the tracer in many neuronal systems. Nevertheless, the use of TMB raises more difficulties than that of DAB. The reaction product is not a polymer but crystals that are soluble in most aqueous or organic solutions used in histology. Moreover, the crystals dissolve in ethanol or acetone, which makes the chromogen difficult to use in EM despite the many modifications of the original protocol by Mesulam (32) (for review see 14). As shown here and in earlier studies (8,13,15,18-21,25,37,44,56,57) , a means to overcome many of these difficulties is to stabilize or substitute the reaction product obtained with TMB with that obtained by DAB, in which case the high sensitivity of TMB is coupled to the stability of DAB. Of the many reported modifications, techniques using nitroprusside (or ferrocyanide) to stabilize the TMB reaction product, as originally reported by Mesulam, remain the most sensitive.
Another problem resulting from the TMB reaction is that the crystalline reaction product damages tissue, particularly cell membranes. This is overcome by carrying out the reaction on ice and in the dark which, in the case of the TMB-DAB& reaction, reduces the size of the crystals. In the TMB-DAB reaction, the TMB crystals are dissolved and replaced by the amorphous DAB reaction product. With EM it is seen that such a reaction product diffuses throughout the cytoplasm of the labeled profile, often masking intracellular organelles (Figure 2a ).
Despite these drawbacks, a major advantage offered by both the TMB-DAB and the TMB-DAB-CO reaction is that the resulting reaction products render labeled profiles readily visible with EM. This was particularly advantageous in the present study, where it was necessary to localize rare labeled profiles in the complex neuropil of the dorsal horn. The use of either procedure thus enabled us to determine that most primary sensory afferents from the nipple indeed terminate in the inner part of the first two layers of the dorsal horn, where they made synaptic contact onto dendrites. Certain of these afferents also formed central terminals of glomeruli, believed to be involved in the integration of sensory messages (58) .
Glutamate Immunoreactivity in Labeled Primary Afferents
A major neurotransmitter candidate in primary sensory afferents is the excitatory amino acid glutamate. Such a contention derives from observations showing high glutamate immunoreactivity in many neuronal cell bodies in the dorsal root ganglia (2,9,45,55) and in many terminals of the superficial layers of the dorsal horn (9,30, 35, 45) , the presumptive termination site of primary sensory afferents. Strong glutamate immunoreactivity has also been localized in the central terminals of glomeruli (27, 30, 35) . A more direct demonstration was provided by observations showing high glutamate immunoreactivity in dorsal horn terminals containing HRP reaction product after injection of the tracer into the dorsal root ganglia (7) . The observations of the present study clearly support these earlier findings and provide direct evidence that terminals of particular sensory afferents, labeled from the periphery, are enriched in glutamate immunoreactivity. The post-embedding immunogold procedure used here allows reliable quantification of the i"unosignal(30), and we were able to see that certain terminals in the superficial layers of the dorsal horn contain levels of glutamate immunoreactivity much higher than those in other neuropil elements of the same preparations. This approach, which makes it possible to differentiate the neurotransmitter and metabolic pools of glutamate (for further discussion see 48) , has now been used to identify glutaminergic terminals in several other areas of the CNS (6, 41, 54) . Another strong argument that terminals showing high levels of glutamate immunoreactivity indeed use glutamate as neurotransmitter is the subcellular localization of the immunoreactivity, which we saw mainly over small "synaptic" vesicles presumed to contain high concentrations of transmitter (30, 48) . Indeed, the increase in gold density in these terminals was due to the labeling over such vesicles. Although mitochondria in many profiles contained gold particles, we detected no differences in their degree of labeling. On the other hand, in terminals where glutamate immunoreactivity levels were equivalent to those in dendrites, the gold sols were visible throughout the cytoplasm which argues for a metabolic role of glutamate in such profiles.
One of the aims of the present study was to couple immunostaining with histochemical procedures that label particular sensory afferents. A major problem with such an approach is that the first labeling, corresponding to the localization of the tracer, may destroy or greatly diminish the immunoreactivity under study. Therefore, of the two histochemical protocols used here to identify mammary afferents, only preparations that had undergone TMB-DAB-CO staining were amenable to subsequent glutamate immunogold staining. It was impossible to localize any immunoreactivity in sections treated with TMB-DAB, probably because the diffuse peroxidase reaction masked all available antigenic sites. On the other hand, the crystalloid reaction product obtained with the TMB-DAB-CO reaction did not cover all organelles. This therefore enabled us to reliably assess the glutamate immunoreactivity within certain peroxidase-labeled terminals and to ascertain that it was enriched in comparison with other neuropil elements. Moreover, in spite of the peroxidase reaction product, it was still possible to see that the immunoreactivity in such terminals was localized over organelles associated with high levels of neurotransmitter, i.e., small, clear vesicles and synaptic specializations. 
